Magnetically-anchored surgical devices have recently gained attention in abdominal surgery applications, with the implementation of magnets to hold or anchor surgical devices onto the insufflated abdominal wall (MAGS). These anchors have been used to secure passive and active devices, where active device such as robotic manipulators, produce motions that would excite the dynamics of the non-rigid abdominal walls. Hence, there is a need to investigate the mechanical dynamics of the abdominal wall tissue in insufflated state, combined with the magnetic anchoring, specifically its response to mechanical excitations and the expected resulting disturbances to the operation of the anchored devices. In this paper, loading and unloading tests are performed on a corresponding porcine specimen for dynamics identification. The experimental setup was constructed to emulate the insufflated state of the abdomen with the magnetically anchored mechanism. The tissue creep responses during unloading are captured and approximated with a general numerical model, which is in turn used for the dynamic analysis of the abdominal wall tissue using Bode plot. The results showed that in such stretched and compressed state, the steady state displacement of the abdominal wall is zero, with a time constant of 0.2 secs, 0.085 secs and 0.045 secs and settling time of 3.5 secs, 1.7 secs and 0.5 secs, for the low, medium and high magnetic anchoring forces, respectively. The maximum transient error, when disturbed by a force approximately 4 times larger than required in the most demanding abdominal surgery was found to be 1mm in displacement using a high magnetic anchoring force. Significant attenuation of the mechanical disturbances (gain of 0.1 or less), due to the high stiffness and damping of the abdominal wall, was observed from 100rad/s in the frequency response. If a robotic manipulator was attached to the anchoring device, the typical operating frequency of a manipulator movements (0.1-1Hz) would still produce unattenuated disturbances. It is expected that some error compensation through suitable control strategies is required. These outcomes establish the basis for the controller design and the design specification of the active magnetically-anchored surgical devices, i.e. the speed of the surgical manipulator and the configuration of the anchoring set, such that approximately linear tissue model can be achieved with minimal disturbance impact onto the abdominal wall tissue.
INTRODUCTION
In recent years, there have been minimally invasive surgical instruments that require a component of the device to be anchored to the inside of the abdominal wall during surgical procedures. 1, 2 This approach enables the surgical component to be completely inserted into the abdominal cavity through a small incision and allows full mobility of the instrument along the wall of the insufflated abdominal cavity. The internal device, generally consists of a surgical instrument (e.g. surgical camera 3 or retractor 4 ), is anchored to the inside of the abdominal wall through a magnet that is attracted to another magnet on the external side of the abdomen. In general, the anchoring location of the device can be manipulated by moving the external magnet to the desired location on the abdominal wall, which will result in the internal device being pulled to the same location on the inside of the abdomen. The general class of such instrument has been labeled as magnetically anchored and guided system (MAGS) 5, 6 and is illustrated in Figure 1 . A MAGS platform carries with it a surgical instrument that can be either passive or active (i.e. actuated). The passive devices are surgical instruments that only require anchoring in place during the surgical procedure. They are not actuated hence do not produce motion. An example is a magnetic clip for tissue retraction, used to lift and then hold the tissue in place, as reported in. 7 As the device is stationary during the surgical procedure, it does not produce any mechanical excitations to the abdominal wall. The dynamics of the abdominal wall therefore does not affect the performance of the anchoring platform significantly.
On the other hand, internal surgical devices that produce motions for surgical tasks manipulations within the abdominal cavity are categorised as active surgical devices. These anchored devices (e.g. robotic camera 3 and tissue retractor 4 ) have degreesof-freedom (DOFs) actuated by either internally embedded onboard DC micromotors 8, 9 or through localised magnetic fields, known as localised magnetic actuation (LMA). [10] [11] [12] [13] These actuations result in interaction forces on the MAGS platform and excite the dynamics of the abdominal wall. In many cases, the abdominal wall is initially assumed rigid and the effect of the excitation caused by the actuation of the system is assumed insignificant. As the abdominal wall tissue exhibits the viscoelastic nature of a soft tissue, it is physically non-rigid. As more challenging requirements in minimally invasive surgeries (MIS) pushed for more capable actuation to be realised for MAGS platforms in recent years, 14 the effect of the actuation of the surgical instruments attached to the MAGS platform became more significant. This poses more challenges to the assumption mentioned especially in the aspects of positioning and accuracy, hence prompting for abdominal tissue dynamics to be taken into considerations in MAGS operation.
The properties and behaviors of the abdominal wall tissue during magnetic anchoring have yet to be investigated or taken into consideration for magnetically-anchored surgical methods. In more general cases, research on the abdominal wall tissue dynamics have been found in the area of surgical planning for MIS. The studies focused on the modelling of the abdominal insufflation 15 and the effects of insufflation onto the mechanical properties of abdominal wall tissue. 16 These studies have concentrated on the dynamics of the abdominal wall in the tangential direction of insufflation as it stretches. They do not address the dynamics of the wall in the direction of the magnetic anchoring, which is in the normal direction to the abdominal wall.
To address this gap in the literature, this paper investigates the behaviour of the abdominal wall when subjected to magnetic anchoring and external disturbances in the normal direction as well as establishes a general numerical model of the abdominal wall tissue in the insufflation and magnetic anchoring conditions. The effect of the abdominal wall tissue onto the magnetically anchored surgical procedure is commonly ignored due to the assumptions that the tissue would experience high stiffness when insufflated and "clamped" by anchoring magnets. Nonetheless, there are often queries on the extent of external disturbances from the actuation of active surgical devices affecting the abdominal wall tissue, and in turn creating undesired impact on surgical manipulations, such as movement and position inaccuracies. This question is addressed in this study by obtaining a numerical model of the abdominal wall tissue with emulated insufflation and magnetic anchoring. The model that closely approximates the responses of the tissue is then used to analyse the extent of the external disturbance caused by the motions and actuation forces due to active surgical instrument attached to the magnetic anchoring platform.
The remainder of the paper is structured in the following manner. Section 2 discusses the background of the study related to the insufflated abdominal wall tissue and the implementation of existing findings in setting up realistic tissue modelling formulation for the tissue under the condition of magnetic anchoring and actuation. Section 3 described the measurement procedures performed for the modelling of the abdominal wall tissue. The experimental results and the identification of the numerical model are presented in Section 4 along with an elaborated discussion in Section 5 on the obtained model and its dynamic behaviour when exerted by external loads. The findings in this study are then concluded in Section 6.
Background on Insufflated Abdominal Wall
During abdominal insufflation, the carbon dioxide (CO 2 ) gas is insufflated into the abdominal cavity creating a workspace within the abdomen for surgical procedures. The pressure due the insufflation lifts the abdominal wall tissue and causes the tissue to be stretched tangentially in the sagittal and transverse directions, as illustrated in Figure 2 . Information on the abdominal wall during insufflation is essential to help the understanding of the tissue behaviour during magnetic anchoring and actuation on top of abdominal insufflation. Though investigations on the properties and behaviours of the abdominal wall tissue during magnetic anchoring and actuation have yet been performed, there are a couple of studies on the modelling of the tissue for laparoscopic surgical planning related to the abdominal workspace and tissue behaviour upon insufflation. One such study was performed by 15 in which the abdominal insufflation is modelled as a mass-spring-damper system using the Finite Element Method (FEM) to describe the viscoelasticity nature of the CO 2 gas-insufflated abdominal cavity. The model parameters of the mass-spring-damper system identified are only based on the insufflation volume within the abdominal cavity and therefore, do not directly relate to the dynamics of the abdominal wall tissue. The authors did remark that the model would be more accurate if a mass-spring-damper model of the abdominal wall wass included as well. A more relevant study was performed in 16 with the analysis of the stress/strain relationship of the abdominal wall during insufflation. This study was performed on the abdomen of patients using passive markers and photogrammetry (as illustrated in Fig. 3 ). When the abdominal wall is lifted by the insufflation pressure, the markers on the abdomen experience some amount of displacement. Using the information of these displacements and the insufflation pressure, the mathematical model of the abdominal wall was analysed and developed in a FEM environment. It was observed that the abdominal wall experienced a strain of 5% and 10% in the transverse and sagittal planes, respectively, for the same stress it was subjected to by the insufflation. The findings reported on the behaviour of the tissue during insufflation do not involve the tissue in magnetically anchored and actuated conditions. It does however still provide an established starting point for this study in this paper by replicating the condition on a porcine abdominal tissue.
In the context of this paper, when the abdominal wall tissue experiences magnetic anchoring, it is subjected to the anchoring force in the normal direction on top of the tangential strains due to the insufflation pressure as reported in. 16 Hence, the effect of insufflation onto the abdominal wall was emulated in this study to closely simulated the abdominal surgical setting.
Methodology for Tissue Dynamics Response Measurements
In order to emulate the behaviour of the insufflated abdominal wall during magnetic anchoring, the parameter settings by 16 as discuss in Section 2 are employed as the basis of the tissue measurement setup described in this section. The experimental data obtained will be used to approximate a general model of the abdominal wall tissue under insufflation and anchoring, which will be used for the analysis of the anchored tissue behaviour in response of external excitations, as discussed in Section 5. This proposed model can also be incorporated into the electromechanical model of the LMA systems 12, 13, 17 for a complete system model for further implementation, e.g. controller design. It is important to note that even though the abdominal wall tissue consist of different anatomical layers, in this analysis, the abdominal wall tissue is assumed as a single mass with uniform properties "clamped" or anchored by the external and internal units of the MAGS device.
Experimental Setup
A benchtop experimental setup for the tissue measurement was constructed, as shown in Figure 4 . The experiment setup uses a porcine model (i.e. pork belly) given the anatomical similarities between the human and porcine tissues. 18 The porcine belly specimens are trimmed to a specific dimension (350mm × 250mm) to fit into the experimental rig. These tissue specimens have an average thickness of 35mm (assuming uniform thickness across areas of measurements), which is within the range of the average human abdominal wall thickness (i.e. 20mm for averagely-built patients to 80mm for obese patients). 19 The measurement setup has to simulate the insufflated condition of the abdominal wall tissue in which the tissue experiences strains in the tangential directions. Hence, the tissue specimen was stretched corresponding to the length in which a strain of 10% representing the strain due to insufflation observed in. 16 The selection of this parameter for the measurement setup is further discussed in Section 3.2. The skin side of the porcine belly specimen was placed on the tissue platform, exposing the inner side of the tissue for measurements as to provide realistic emulation of a surgical scenario, where the inner tissue is directly in contact with the internal surgical device. A pair of anchoring magnets are employed on either sides of the tissue in additional to the stretching. This represents the "clamping" or anchoring by the MAGS device on the insufflated abdominal wall (see Fig. 6 ). To provide a range of magnetic anchoring forces, three sets of anchoring magnets are selected for the study through coupling or anchoring force measurements using possible combinations of magnets from an available collection (i.e. dimensions of 10x10x10 mm, 20x20x12 mm, 38x38x12mm, and 50x50x12mm). The attraction force between the magnets is measured with incremental intermagnetic distance. The selection of the anchoring magnet sets based on the anchoring force measurements will be further discussed in Section 3.3.2. The internal anchoring magnet from each set is embedded in the tissue platform so that the tissue specimen lays flat onto the platform during measurement (see Fig. 5 ). The motion response of the tissue during the magnetic anchoring is obtained by measuring the deformation or displacement of the tissue. These measurements are performed using a Infra-red (IR) sensor (0A41SKF54) placed above the tissue platform. The readings of the IR sensor against the elevated distance from the tissue platform are recorded to form a calibration curve to tissue displacement calibration. The procedure in generating the calibration curve to obtain the tissue displacements will be further elaborated in Section 3.3.1. This calibration enables the approximation of the displacement the tissue experiences during magnetic anchoring as well as dynamic response tests.
Parameter Settings for Emulating Insufflation
To emulate the stretching of the abdominal wall tissue due to insufflation during a surgery, the stress/strain information presented in Figure 4 in 16 is used. At the given maximum insufflation pressure of 2.5 kPa, abdominal wall tissue experienced a strain of 5% in the transverse direction and 10% in the sagittal direction compared to the original size of the tissue. In our study, a strain of 10% is applied to the porcine specimen in the measurement setup by stretching it to 10% of its relaxed length to simulate the maximum insufflation pressure experienced by the abdominal wall tissue.
Calibration Process
To obtain the responses of the tissue using the experimental setup described, displacement measurement and anchoring force calibration steps are executed prior to the experiments. These calibration steps are described in 3.3.1 and 3.3.2, respectively.
Calibration of Tissue Displacement Readings
The displacement of the tissue is determined by mapping the IR sensor readings to the respective calibration curve according to the anchoring magnets set, as stated in 3A. The calibration curves are obtained by recording the IR sensor readings as the height from the tissue platform gradually increases using measurement jigs, each with 5mm thickness, up to a minimum distance of 40mm between the IR sensor and the jigs, as illustrated in Figure 7 . The IR sensor will be used to measure the distance from a known constant height to the surface of the tissue specimen. Figure 8 shows the curve of IR readings versus the distance from the tissue platform. The calibration curve depicts an exponentially decreasing response as the inter-magnetic distance (i.e. the thickness of the abdominal wall tissue) increases. 
Determining Anchoring Force across Tissue
The anchoring or attraction forces between all possible combinations of anchoring magnets from the available collection as mentioned in Section 3 are measured with respect to their inter-magnetic distance using ATI Gamma force/torque sensor, as shown in Figure 9 . A magnet of each possible combination is fixed onto the tissue platform while another is attached to the force/torque sensor (see Fig. 9 ). A linear actuator (Actuonix L12-50-100-12-P) is used to drive the force/torque sensor to produce a stable measurement of the coupling force as the force/torque sensor and the attached magnet moves upwards from the platform.
Similarly, this measurements are performed without the presence of the porcine specimen so that the magnets can be placed as close as possible to one another. However, the combinations of bigger magnets, particularly with the 38x38x12 mm and 50x50x12 mm magnets, have to be measured with bigger intermagnetic distance (e.g. 15mm or 20mm onwards) because of the extremely strong magnetic attraction. The anchoring force measurements are plotted in Figure 10 . Note that, due to size limitation of surgical ports (incision up to 25mm diameter) for insertion of surgical tools, 20 only magnets of dimensions 10x10x10 mm and 20x20x12 mm can be taken as the internal anchoring magnets. Hence, the feasible combinations of anchoring magnets require internal magnet of either 10x10x10 mm or 20x20x12 mm dimensions. Note also that other magnetic attraction forces can be obtained using higher grades of rare earth magnets, e.g. NdFeb N40, N42, N45. 21 Fig. 9 . Experimental setup for the measurement of coupling force between two anchoring permanent magnets 
Determining Thickness of the Tissue Specimen with and without Anchoring Magnets
The porcine specimen is placed on the platform below the IR sensor, and the IR readings at five locations around the tissue surface are recorded. The IR readings are mapped onto the calibration curve to obtain the thickness of the tissue. The average thickness across tissue is approximated to be 35mm.
To measure the resultant thickness of the tissue specimen with anchoring magnets, the largest possible choice for the internal anchoring magnet (i.e. 20x20x12 mm) and that for the external anchoring magnet (i.e. 50x50x12 mm) are then used to anchor onto the tissue specimen such that the maximum displacement the tissue experiences can be determined. The thickness of the tissue is measured using the IR sensor at five anchored positions across the specimen. Interpolating the IR sensor readings at this anchored position with the calibration curve (Fig.  8) , subtracting the height of the external anchoring magnet and its holder, gives the resultant tissue thickness of approximately 30mm in average.
This shows that the original tissue specimen has been displaced approximately 5mm after maximum anchoring. At this stage, an equilibrium state due to the magnetic anchoring is achieved, as illustrated in Figure 11 . Any perturbation or load onto the tissue on top of this anchored or equilibrium state, will produce an added displacement known as ∆z in this study. This equilibrium state aids the discussion on the investigation of the dynamic behaviour of the tissue under magnetic anchoring in Section 5. Table 1 compiles the anchoring force measurements for the intermagnetic distance of 30mm. The feasible combinations of anchoring sets for the dynamic tissue analyses is selected based on the approximate range of anchoring forces required for common surgical tasks as listed in Table 2 . The combinations of anchoring magnets with the highlighted and bold values of anchoring force shown in the table are then selected and listed below:
• Anchoring set 1: representing low anchoring force of 2N, with a combination of 50x50x12 mm magnet (external) and 10x10x10 mm magnet (internal) in this study, • Anchoring set 2: representing medium anchoring force of 4.7N, with a combination of 38x38x12 mm magnet (external) and 20x20x12 mm magnet (internal), and • Anchoring set 3: representing high anchoring force of 7N, with a combination of 50x50x12 mm magnet (external) and 20x20x12 mm magnet (internal).
These selections serve to provide a relevant range of anchoring forces versus the size of magnets for the investigation of the tissue dynamics as well as the validation of the proposed numerical model for this study in the following sections. 
Measurement of Tissue Mechanical Response to Mechanical Excitation
Loading and unloading tests are executed on the tissue specimen at its anchored and equilibrium condition using the three anchoring sets selected in Section 3.3.2 to obtain the tissue response. The tissue specimen is stretched to 10% of its original lateral length to simulate the stress onto the tissue under insufflation based on. 16 Only the maximum direction of strain is assumed in this experiment due to the limitation of the setup and specimen. An internal anchoring magnet from the anchoring sets is placed below the tissue specimen and the corresponding external anchoring magnet is positioned right on top, across the porcine tissue to create an anchored condition on the tissue. The external anchoring magnet also allows the measurement of tissue displacement by the IR sensor placed right above when it moves with the surface of the tissue during the loading and unloading tests. A common load of 25N, which is 4 times the safety factor of the largest force required for the surgical tasks listed in table 2 (i.e. max 6.6N), is used as an external excitation load on the tissue. Figure 12 shows the measurement setup of the loading and unloading test with the 25N load placed on top of the external anchoring magnet holder. This load will remain on the anchoring magnet until the tissue reaches its steady state and then removed so the tissue creeps back to its relaxed condition.
These tests are repeated on three locations around the porcine specimen and the responses are recorded to check the repeatability and accuracy of the measurement. The loading and relaxation responses are plotted and discussed in the results section (Sec. 4) and are used to construct and identify the model of the tissue based on the general standard soft tissue model mentioned in Section 2. After obtaining the closest model to match the tissue responses, the mechanical parameters can then be identified as described in Section 4.2. 
Experimental Results and System Identification
This section presents the results of the tissue response experiments. There are three sets of experimental responses obtained using three selected anchoring magnets sets selected in 3.3.2. These measurements are performed on three different locations of the porcine specimen which have approximately similar thickness and properties. These data are then plotted and approximated with the best fitted model with parameters identification as discussed in Section 4.2. Figure 13 shows a representative creep response of the tissue specimen for each of the three anchoring magnets sets (representing low, mid and high anchoring force) after the load has been removed. It is observed that the responses approximate a fast step response followed by another step response after a duration of delay which occurs at about similar displacement for all anchoring sets. This delay was observed to reduce as the anchoring force increases. Intuitively, the weaker the anchoring force, the higher the displacement the magnetically-anchored tissue experiences, hence the tissue with the smallest anchoring force (i.e. 2N, see Fig. 13a ) has the largest displacement due to the common load. Using the information obtained from the response, the parameters for a general numerical model that fits closely to all these responses can be estimated, as discussed in the next subsection. From the results of the tissue unloading tests, the responses were first estimated using the standard the first and the second order system responses to observe the closeness of fit, as shown in Figure 14 . These responses are tuned to best fit but could only closely approximate the initial step response of the tissue creep responses for all three anchoring sets. Although these responses approximate the tissue creep response with anchoring set 3 (i.e. high anchoring force) relatively well in comparison to that with anchoring sets 1 and 2 as observed in Fig. 14c , it is due to the smaller time delay resulting from the high anchoring force. The fitting approximation could not capture the observed time delay which is larger in the case of anchoring sets 1 and 2. In order to build a unified model for all three cases and closely accommodate the time delay observed, a summation of two single order step responses with a delay on the latter step response are used to approximate a general numerical model for the creep responses of these anchored tissue.
Loading and Unloading Tests

Proposed Numerical Model and Parameters Identification
By computing τ and approximating the gains and time delays to find the best fit for the tissue creep responses, the following model transfer function can be written as:
with i =1, 2, or 3 with respect to the anchoring sets. For each "i", k 1,i and k 2,i are the response gains, τ 1,i and τ 2,i are the time constants which is the time taken to reach 63.2% of the steady state values, and θ i is the time delay in the response. The parameters for each data sets are presented in Table 3 , along with the average values of the parameters across the three response data for each anchoring sets. The average values are utilised to plot the transfer function responses to fit onto the tissue creep responses, as shown in Figure 15 .
Therefore, the transfer function models estimated for the anchoring magnets sets incorporating the average parameters above are given as:
• Anchoring set 1:
• Anchoring set 2:
• Anchoring set 3:
Tissue Response Analysis
In order to further understand the behaviour of the tissue at its equilibrium state (i.e. anchored condition) towards external loads, the Bode plots of the transfer function using the models obtained above are utilised to show how the system will response for different input signals at different frequencies. The Bode plots for the tissue creep response model for all three anchoring sets are shown in Figure 16 . The plots show higher DC gain with the lowest the anchoring force (2N) while that close to zero with highest anchoring force (7N). The amplitudes of all three frequency responses decrease towards higher frequency operation. These results indicate that the dynamics of the system are only sensitive to low frequency noises with respect to the cutoff frequency of the models determined as 4.7 rad/s, 6.73 rad/s and 5.12 rad/s for anchoring sets 1, 2 and 3 respectively. Nonetheless, the main interest of this analysis is the amount of attenuation the models offer at the operational speed of interest. 
Discussions: Impact of the Dynamics on Magnetically Anchored Surgical Robotics Systems
Understanding the dynamics of the insufflated and magneticallyanchored abdominal wall tissue plays an important role in the operation of active devices, such as robotic surgical manipulator, anchored magnetically on the abdominal wall. Motion generated by the actuated devices would excite the mechanical dynamics of the abdominal wall and produce vibrations. The following sub-sections discuss the results in the context of operating active magnetically anchored devices.
Maximum Displacement and Abdominal Wall Stiffness
A load of 25N was applied in this paper to all anchored devices, simulating a disturbance force of 4 times of the maximum force reported in the literature encountered in abdominal surgeries (see Table 2 ). The maximum displacement the anchored tissue experiences is approximately 2mm when using anchoring set 1 with the lowest anchoring force (2N) (see Fig. 13a ). This displacement is reduced to 1mm when anchoring set 3 with the highest anchoring force (7N) is used (see Fig. 13c ). Note that the abdominal wall is insufflated (stretched) and further compressed by the anchoring (external and internal) magnets, thus the stiffness is already very high. The results on Fig. 13a can be used to approximate the abdominal wall stiffness under such conditions (insufflated and magnetically anchored): 12.5 KN/m for the low anchoring force and 25KN/m for the high anchoring force. Fig. 13a shows that the abdominal wall tissues upon unloading recovers completely to its displacement at the insufflated and magnetically anchored state, although a non-linear behaviour was observed where there is a component of fast spring-like recovery followed by another delayed damped response to the original displacement.
Steady State Response
Transient Response
Further analysis shows that the anchored tissue responses have considerably fast time constant at the beginning of its unloading response. However, there is a delay before it continues to its steady state displacement, resulting in a settling time that varies significantly with the anchoring force (i.e. approximately 3.5 secs, 1.7 secs and 0.5 secs for anchoring sets 1, 2 and 3 respectively). In this paper, we do not seek to explain the tissue biomechanics that produce this behaviour. The observed behaviour is identified for the purpose of designing and operating robotic mechanisms anchored to the anchoring system. It can also be observed from Figure 14 that the response of the abdominal wall tissue for the highest anchoring force can almost be approximated by a linear (step) response. For active devices that are driven by external magnetic actuation signals, such as the LMA devices, 10-13 magnetic fields are generated and transmitted by external magnetic sources across the abdominal wall to actuate the permanent magnet rotor embedded in the internal device attached to the anchoring magnet. These sinusoidal actuating signals, transmitted using the magnetic field, are intended to interact with the permanent magnet rotor and produce actuation. Of course, there is the unintended effect that it also interacts with the anchoring magnet, creating periodic disturbance to the anchoring magnets. However, this effect is expected to be minimal as magnetic field decays exponentially with distance, and the anchoring magnets can be placed away from the center axis of the stators and rotor by design. Furthermore, due to high gear ratio typically used in such surgical manipulators, these actuation signals tend to be of high frequency, beyond the cutoff frequency of the abdominal wall, as further elaborated in the following section.
Frequency Response Analysis on Insufflated and Anchored Abdominal Wall
To further understand the extent of potential disturbances introduced by mechanical dynamics of the anchored devices onto the insufflated and anchored abdominal wall, the Bode plots of the tissue responses are presented (see Fig. 16 ). In the case of the LMA devices, there are two potential sources of mechanical disturbances. The first is the magnetic actuation on the internal rotor. While the magnetic actuation produces the intended rotation of the rotor, it also produces unintended forces in the linear direction. Relevant to our analysis here is the z component of such force. However, due to the high gear ratio utilised in the typical internal surgical manipulators (e.g. gear ratio of 121.45:1 3 ), such actuation of the rotor is carried out at high frequencies beyond the cutoff frequencies of the abdominal wall, which would be significantly attenuated. The second component of mechanical disturbance is generated by the motion of the surgical manipulators themselves. This applies to not only LMA based devices but also to all magnetically anchored active surgical devices. The operating frequency of such surgical manipulators is commonly low in the range of 0.1 Hz to 1 Hz (i.e. 0.63 rad/s to 6.3 rad/s). 26, 27 This component of disturbance will not be significantly attenuated. Attention should be paid to this type of disturbance when designing magnetically anchored surgical devices. Such disturbances can be accommodated for by the controller design.
Other General Observations
It can be observed that the high anchoring force (produced by anchoring set 3) resulted in: higher abdominal wall stiffness, lower overall displacement due to disturbance forces, and much shorter delay in the unloading step response (creep) (Fig. 13c) , resulting in a close approximation of a linear step response (Fig. 15c) . It was not observed to significantly lower the cut-off frequency of the abdominal wall response.
With this knowledge, the actuation requirements, such as the velocity of the internal device can be configured such that the disturbance onto the abdominal wall tissue during surgical manipulation is minimised. On the other hand, with a good numerical model, it is possible to validate if the proposed control law has the capability to cope with such disturbance. Moreover, this disturbance model might be directly used to facilitate the control design using the technique such as Internal Model Principle. [28] [29] [30] 
Conclusion
The modelling of the abdominal wall tissue in the insufflated and anchored condition was carried out to improve the understanding of the tissue behaviour in the face of magnetically anchored surgical devices. With the attachment of active surgical devices onto the anchoring magnets, there is a high possibility that the actuation signals or generated motions would cause disturbance or vibrations onto the abdominal wall tissue, hence resulting in inaccurate positioning or manipulation when performing surgical tasks. Investigating abdominal wall tissue response in these conditions with an applied load of 4 times the maximum force typical of abdominal surgical tasks listed in this study allows the observation of the tissue behaviour with respect to a range of the anchoring forces.
It was observed that the abdominal wall actually introduces damping to the magnetically anchored systems, resulting in a low-pass filtering effect to any mechanical excitation. The outcomes, summarised in Section 5, indicated that the mechanical movements of an attached surgical device are likely to be the main contributors to disturbances that are not significantly attenuated by the abdominal wall tissue dynamics. Nonetheless, the disturbances can be managed by device configuration and controller design.
The future work will focus on testing the robustness of the proposed disturbance rejection controller developed for the system in 30 when the obtained numerical model of the insufflated and anchored tissue response is incorporated into the dynamic model of the LMA system. 13 Moreover, new disturbance rejection algorithms can be developed with the consideration of disturbance model identified with experimental validations.
